Teeth develop as ectodermal appendages in vertebrate embryos, and their early development resembles morphologically as well as molecularly other organs such as hairs and glands. Interactions between the ectoderm and underlying mesenchyme constitute a central mechanism regulating the morphogenesis of all these organs. Tooth morphogenesis is an advancing process that is regulated by sequential and reciprocal interactions between the epithelial and mesenchymal tissues and, during which the simple oral ectoderm thickens, buds, grows and folds to form the complex shape of the tooth crown.
During tooth initiation the ectoderm (white) thickens and forms a placode that buds to the underlying neural-crestderived mesenchyme (yellow). The epithelium signals to the mesenchyme, which then condenses around the epithelial bud. During subsequent morphogenesis the epithelium folds and grows to surround the dental papilla mesenchyme (cap stage). The final shape of the tooth crown becomes fixed during the bell stage, when the hard tissueforming cells of the tooth (odontoblasts and amelobasts) differentiate at the interface of the epithelium and mesenchyme and deposit the dentin and enamel matrices, respectively. 
Msx1
-/-, Msx2 The first signalling centers appear in the dental placodes when epithelial budding begins. Subsequently, at the bud-to-cap transition, the enamel knot signalling centers appear. These regulate the advancing morphogenesis of the tooth crown and control the initiation of the secondary enamel knots at the sites of epithelial foldings that mark cusp formation.
An early signalling event in tooth development is the induction of the odontogenic mesenchyme by BMPs and FGFs from the epithelium. Tissue recombination studies have shown that epithelial signals induce in the mesenchyme the competence to instruct subsequent tooth morphogenesis. BMPs and FGFs induce the expression of several mesenchymal transcription factors, many of which are necessary for the continuation of tooth development. For example, teeth are missing in double mutants of Msx1 and Msx2, Dlx1 and Dlx2, as well as Pax9 null mice. The functions of the genes in the upper panel of the poster are necessary for normal tooth development in mice, and some of them also in humans.
The first epithelial signals induce in the mesenchyme the expression of reciprocal signal molecules, including activin, FGF and BMP4, which act back on the epithelium and regulate the formation of the dental placode. In addition, Wnts and the TNF signal ectodysplasin, secreted by ectodermal cells, regulate placode development. The placodal signals then regulate budding of the epithelium and condensation of the mesenchymal cells. They maintain the expression of earlier induced transcription factors in the mesenchyme and induce the expression of new genes such as the transcription factor Runx2 and the signal Fgf3, which regulate epithelial morphogenesis from bud to cap stage. At this time mesenchymal BMP4 is required for the formation of the enamel knot at the tip of the bud. It induces the expression of p21, which is associated with the exit of the knot cells from the cell cycle. The Edar receptor is also induced in the enamel knot, making the cells responsive to the TNF signal ectodysplasin, which is expressed in the flanking epithelium of the tooth bud. Ectodysplasin-edar signalling regulates the formation and, perhaps, the signalling activity of the enamel knot.
The enamel knot cells express in nested patterns several signal molecules including Shh, . Signals from the enamel knot affect both epithelial and mesenchymal cells, and subsequent reciprocal interactions between the mesenchyme and epithelium are responsible for the maintenance of the enamel knot as well as for the subsequent morphogenesis of the epithelium. An SHH signal from the enamel knot is needed for the growth of the epithelial cervical loops flanking the enamel knots. The enamel knot signals also regulate the patterning of the tooth crown by influencing the initiation of the secondary enamel knots that express most of the same signal molecules as the primary enamel knots. They form in an exact sequence and determine the sites where the epithelial sheet folds and cusp development starts. 
